Three-dimensional (3D) antiferromagnets with random magnetic anisotropy (RMA) experimentally studied to date do not have random single-ion anisotropies, but rather have competing twodimensional and three-dimensional exchange interactions which can obscure the authentic effects of RMA. The magnetic phase diagram Fe x Ni 1−x F 2 epitaxial thin films with true random single-ion anisotropy was deduced from magnetometry and neutron scattering measurements and analyzed using mean field theory. Regions with uniaxial, oblique and easy plane anisotropies were identified.
where z is the number of neighbors located on the sublattice λ that interact with a spin S λ .
The second term on the right hand side of Eq. 2, associated with an effective single-ion magnetic anisotropy resulting from the anisotropic exchange interaction, is strongly temperature dependent near the Néel temperature T N because S z i → 0 as T → T N . On the other hand, the first term, which represents a true single-ion anisotropy, is not temperature dependent and therefore dominates the physics in the vicinity of the magnetic phase transition. Consequently, the physics that governs a system with true random single-ion anisotropy near the phase transition will be in general different from the physics generated by an effective RMA produced by anisotropic exchange interactions. In this Letter, we report on the phase diagram of a solid solution of two tetragonal 3D AFs that have orthogonal anisotropies originating solely from the single-ion anisotropies of each component, and thus represents a true 3D RMA antiferromagnet. room temperature ) [13, 14] . Both materials are 3D AFs with similar exchange interaction [15, 16] . Their magnetic anisotropies are, however, very different. FeF 2 has a strong uniaxial anisotropy which results in its magnetic moments being aligned along the tetragonal c-axis, and is therefore considered an ideal realization of the 3D Ising model [16] .
In NiF 2 , moments order antiferromagnetically in the a-b plane ( Fig. 1) and are canted by ≈ 0.4
• with respect to the a-or b-axis [15] . Weak ferromagnetism in NiF 2 is due to the presence of two non-equivalent magnetic sites in the NiF 2 crystal lattice [17] . The similarity of crystal structures and magnetic exchange interactions in NiF 2 and FeF 2 suggests that Fe x Ni 1−x F 2 is an ideal system to study RMA, which should vary from transition metal site to site depending on whether it is occupied by Ni 2+ (favoring a-b plane ordering) or Fe
2+
(favoring c-axis ordering) [18, 19] .
In order to study the 3D RMA anisotropy problem, epitaxial (110) Fe x Ni 1−x F 2 films were grown with nominal thicknesses of 37 and 100 nm on (110) MgF 2 substrates at 300 o C via molecular beam epitaxy, as described previously [18, 20] , and capped with a 10 nm BaF 2 or Pd layer to prevent oxidation. The Fe concentration x was determined using a quartz-crystal monitor with an accuracy of ±0.05 [18, 20] . Thermal remanent magnetization (TRM) measurements were carried out which consisted measuring the magnetization M while increasing T from T = 5 K after field-cooling (FC) from T = 300 K in a field H F C = 100 Oe ( Fig. 1) along the in-plane [001] (c-axis) and [110] directions. The transition temperatures were determined by fitting the data near the phase transition with a rounded power-law
where T c is a transition temperature, β is a critical exponent, σ c is the width of the transition, and I 0 is an overall scaling factor [21, 22] . Magnetic hysteresis loops were measured as a function of T and found to have large coercivities at low T that decreased with increasing [18, 20] . FC and zero-field cooled (ZFC) measurements of M vs. T of all alloy samples behaved in a way that can be explained by the appearance of a ferromagnetic multi-domain state during the ZFC process and its realignment after field-cooling (see Fig. 2 
inset).
TRM data in Fig. 1 show the general effect of alloying on M . Relatively small deviations of x from the pure phases result in significant increases of M at low T , but these values are much smaller than would be expected for ferrimagnetic order [23] , and are therefore due to magnetic disorder. The magnetic phase in the range T 1 < T < T 2 , where the magnetic structure is strongly coupled to H, can be explained in two ways: (1) there is a first order spin-reorientation transition from an Ising-like, single-axis anisotropy structure, similar to FeF 2 , to a weakly ferromagnetic structure, similar to NiF 2 , at T = T 1 with increasing T , or (2) the transition at T = T 1 is from the FeF 2 magnetic structure to a magnetically disordered structure. In order to determine which of these explanations is correct, neutron scattering was measured The values of β from neutron scattering agreed with those from the TRM measurements.
Examples of TRM phase transitions with H
They are in better agreement with critical exponents corresponding the the 3D Ising, Heisenberg, and random exchange models (β ≈ 0.35) [16] than with the 3D random field model (β ∼ 0.1) [21, 24, 25] . To determine β more accurately, and thus identify the transition's universality class, measurements must be made of the lineshape as a function of scattering wavevector, T and H to take into account possible incoherent scattering backgrounds common in random magnetic systems [21, 24] . Significantly thicker samples than the ones used here, possibly bulk single crystals, would be required. Accurately determining the universality class is therefore beyond the scope of this paper.
Whereas The dependence of θ on T calculated from this equation is shown in Fig. 3(c) . The phase diagram in Fig. 4 , constructed from the TRM and neutron scattering data, can be understood using mean field theory (MFT). While MFT is inaccurate when predicting T N , it is relatively successful at predicting quantities which depend on changes in the effective field rather than on its absolute value [26] and can describe, at least qualitatively, the concentration dependence of T N in mixed AF systems [27] . The spin Hamiltonian included single-ion anisotropy terms and Heisenberg-type exchange contributions, similar to the model used by Moriya [17] to study weak ferromagnetism in NiF 2 . Using mean field decoupling for the exchange interactions while treating the single-site anisotropy terms exactly yields an average of the η spin component for α-type ions (either Fe or Ni) on the sublattice
where the effective single-site Hamiltonian has the form
with the molecular field given by Whereas the calculated PM/AF boundary agrees well with T 2 , neutron scattering data indicate that long-range order disappears for T > T 1 . This leads to the conclusion that a Griffiths-like [31] [32] [33] short-range order phase exists in the T 1 < T < T 2 region as a result of the random single-ion anisotropy. Griffiths phases in other AFs usually result from frustration of their exchange interactions. For example, magnetic field-induced antiferromagnetic correlations have been reported in metamagnetic FeCl 2 [34] , in intraplanar frustrated FeBr 2 [35] , and in the dilute AFs Fe 1−x Zn x F 2 [36] and Rb 2 Co 1−x Mg x F 4 [37] . Here we propose a mechanism where a breakdown of magnetic long-range order occurs at T 1 , with the random orthogonal single-ion magnetic anisotropy playing the role of an effective local random field that leads to frustration. The emerging RMA-induced anisotropy glass region exists in the interval T 1 < T < T 2 , where T 2 is the upper phase transition determined by the average exchange interaction strength of the alloy. The MFT used here is unable to reproduce this region because it does not take into account local fluctuations of the effective field.
In conclusion, the magnetic structure of Fe x Ni 1−x F 2 , an authentic 3D AF with random single-ion magnetic anisotropy, transforms from easy a-b plane to the easy c-axis with increasing x via an oblique phase region at x = 0.10−0.14. Two phase transition temperatures, T 1 and T 2 , were identified for 0.2 < x < 0.9. Long-range order disappears for T > T 1 , but short-range order persists up to T = T 2 . The short-range order region is a result of the RMA which induces a magnetic glass phase for T 1 < T < T 2 . This phase is similar to magnetic glassy states formed as a result of combining structural disorder with frustrated exchange interactions, but with randomly distributed single-ion anisotropies replacing exchange frustration as the driving mechanism. These effects have not been observed before 
